Plant growth-promoting rhizobacteria can suppress diseases through antagonism between the bacteria and soil-borne pathogens, as well as by inducing a systemic resistance in the plant against both root and foliar pathogens. The generally non-specific character of induced resistance constitutes an increase in the level of basal resistance to several pathogens simultaneously, which is of benefit under natural conditions where multiple pathogens may be present. Specific Pseudomonas strains induce systemic resistance in e.g. carnation, cucumber, radish, tobacco and Arabidopsis, as evidenced by an enhanced defensive capacity upon challenge inoculation. Although some bacterial strains are equally effective in inducing resistance in different plant species, others show specificity, indicating specific recognition between bacteria and plants at the root surface. In carnation, radish and Arabidopsis, the O-antigenic side chain of the bacterial outer membrane lipopolysaccharide acts as an inducing determinant, but other bacterial traits are also involved. Pseudobactin siderophores have been implicated in the induction of resistance in tobacco and Arabidopsis, and another siderophore, pseudomonine, may explain induction of resistance associated with salicylic acid (SA) in radish. Although SA induces phenotypically similar systemic acquired resistance (SAR), it is not necessary for the systemic resistance induced by most rhizobacterial strains. Instead, rhizobacteria-mediated induced systemic resistance (ISR) is dependent on jasmonic acid (JA) and ethylene signaling in the plant. Upon challenge inoculation of induced Arabidopsis plants with a pathogen, leaves expressing SAR exhibit a primed expression of SA-, but not JA/ethylene-responsive defense-related genes, whereas leaves expressing ISR are primed to express JA/ethylene-, but not SA-responsive genes. Combination of ISR and SAR can increase protection against pathogens that are resisted through both pathways, as well as extend protection to a broader spectrum of pathogens than ISR or SAR alone.
INTRODUCTION
Plant roots release substantial amounts of carbon-and nitrogencontaining compounds into the surrounding soil. Microorganisms are attracted to this nutritious environment and use the plant exudates and lysates for growth and multiplication on the root surface and in the adjacent rhizosphere soil (Lynch and Whipps, 1991) . Because of the rapid consumption of the nutrients, bacterial growth in the rhizosphere remains nutrient-limited, and roots are seldom colonized for more than about 15% of their surface area. Nevertheless, the rhizosphere microflora plays a very important role in plant development and acclimation to environmental stresses (Van Loon and Glick, 2004) . Harmful microorganisms, i.e. pathogenic fungi and bacteria, are damaging to the plant, whereas beneficial microorganisms, such as mycorrhizal fungi and many bacterial species, can protect the plant against adverse abiotic and biotic stresses. Since the rhizosphere microflora is extremely diverse, a dynamic interplay between the members of the microbial community occurs, mediated by synergistic and antagonistic interactions, within the limits of the nutrients available (Garbeva et al., 2004) . In addition, signals are being exchanged between fungi and bacteria and plant roots, effectively forming a highly dynamic belowground communication network Somers et al., 2004) . Although dependent on plant age and soil conditions, the microbial-plant network is maintained for the lifetime of the root and exerts a buffering action on the rhizosphere environment.
Growing roots penetrate new soil layers in which the network is not yet established. This makes growing roots vulnerable to attack by pathogens and insects. For instance, the vascular wilt pathogen Fusarium oxysporum tends to penetrate growing plant roots preferentially through the fully undifferentiated tip, after which it establishes itself in the xylem vessels without interference from antagonistic microorganisms (Turlier et al., 1994) . However, when growing saprophytically towards the elongating root, Fusarium is sensitive to antagonistic actions by other soil microorganisms. Depending on the strategy of a given soil-borne fungal pathogen, competing microorganisms may be more or less effective in counteracting pathogen survival, spore germination, hyphal growth or tissue penetration and colonization (Whipps, 1997; Weller et al., 2002) . Plants treated with specific rhizosphere microorganisms, notably of certain genera of non-pathogenic bacteria, show improved growth. Hence, these rhizobacteria have been denoted as plant growth-promoting rhizobacteria (PGPR) (Kloepper et al., 1980) . PGPR may promote plant growth directly through improving uptake of minerals and water or the production of growth-stimulating compounds, but in many cases improved growth can be attributed to the suppression of deleterious microorganisms that are harmful to the plant (Schippers et al., 1987; Glick et al., 1999) . PGPR can, thus, promote plant growth by suppressing diseases caused by various soil-borne pathogens (Van Loon and Glick, 2004) .
There is a vast literature describing positive effects of specific strains of rhizobacteria on growth of many plant species in soils in which more or less defined pathogens cause substantial losses . For a number of such strains, mechanisms of disease suppression have been defined. The use of bacterial genetics has allowed mutant analysis to prove that specific traits are responsible. For instance, Fusarium wilt in radish, caused by Fusarium oxysporum f. sp. raphani, is suppressed by the rhizobacterial strain Pseudomonas putida WCS358. A bacterial mutant impaired in the production of the fluorescent siderophore pseudobactin, no longer suppressed disease (Raaijmakers et al., 1995) . Using similar approaches, it has been established that effective antagonistic mechanisms can comprise competition for iron through the production of siderophores, production of antibiotics, and secretion of lytic enzymes (Handelsman and Stabb, 1996; Whipps, 2001; Van Loon and Bakker, 2003) . In addition, release of non-specific volatile inhibitors, such as HCN, may hamper the activity of pathogenic microorganisms, but can also restrict plant growth .
When testing for antagonistic activity of Pseudomonas fluorescens strain WCS417 against Fusarium oxysporum f. sp. dianthi on carnation, it was found that bacteria, when remaining confined to the plant root system, were still protective when the pathogen was slash-inoculated into the stem . Since in this case the rhizobacteria and the pathogenic fungus were never found to contact each other on the plant, the protective effect had to be plant-mediated. Similar observations were made when several strains of PGPR were applied to roots of cucumber, the leaves of which were subsequently challenge inoculated with the anthracnose fungus Colletotrichum orbiculare (Wei et al., 1991) . The phenomenon was named induced systemic resistance (ISR). Apparently, the inducing rhizobacteria triggered a reaction in the plant roots that gave rise to a signal that spread systemically throughout the plant and enhanced the defensive capacity of distant tissues to subsequent infection by the pathogens. ISR thus extended the protective action of PGPR from their antagonistic activity against soil-borne pathogens in the rhizosphere to a defense-stimulating effect in aboveground tissues against foliar pathogens. As it appeared, the enhanced defensive capacity was expressed in roots as well as in leaves, adding the mechanism of ISR to the list of traits that are effective against soil-borne pathogens (Leeman et al., 1995b) . However, ISR, in addition, can reduce damage from pathogens that are active exclusively on foliage, flowers or fruits (Wei et al., 1991; Hoffland et al., 1996) . In the past decade, ISR has been established as a mechanism that is effective in bean, carnation, cucumber, radish, tobacco, tomato, as well as in the model plant Arabidopsis thaliana, against different types of pathogens Ramamoorthy et al., 2001; Kloepper et al., 2004) . In addition, ISR has been implicated in several other plant species in which plants, after being treated with specific rhizobacterial strains, showed improved growth in the presence of one or more pathogens.
THE MECHANISM OF RHIZOBACTERIA-INDUCED SYSTEMIC RESISTANCE
The generally non-specific character of induced resistance constitutes an increase in the level of basal resistance to several pathogens simultaneously, which is of benefit under natural conditions where multiple pathogens may be present (Van Loon, 2000) . ISR appears phenotypically similar to systemic acquired resistance (SAR), which is the phenomenon that once a plant has been infected by a pathogen and been able to effectively resist it, it has become more resistant to subsequent challenge inoculation by the same and other pathogens and, in some instances, even insects (Sticher et al., 1997; Van Loon et al., 1998) . SAR has been studied in detail since the 1960s as to its induction by pathogens, signal-transduction in the plant, and expression in response to challenge inoculation, with tobacco and Arabidopsis as model plant species (Ryals et al., 1996; Van Loon, 2000) . Most effective induction is achieved when the plant reacts to primary infection by a hypersensitive reaction, but necrosis is not a prerequisite for SAR induction. Rather, pathogen elicitors may give rise to hypersensitive necrosis on the one hand, and to the generation of a signal for enhanced resistance on the other hand. Nevertheless, necrotization does contribute to the induction of SAR, and the more systemic signal is generated as tissue necrosis proceeds at a pace that the tissue has sufficient time to react before succumbing. Thus, infliction of rapid necrosis, e.g. by cutting or burning, does not generate sufficient signal to give rise to SAR, whereas damage leading to slowly developing necrotic specks, such as occurs as a result of ozone or heavy metal toxicity, does provoke the state of SAR. To understand the phenomenon of rhizobacteria-mediated ISR it is important to gain insight into the bacterial and plant mechanisms involved and to unravel the requirements for ISR induction, signaling, and expression.
Induction of ISR
Beneficial rhizobacteria do not obviously damage their host or cause localized necrosis. Therefore, the eliciting factor(s) produced by ISR-triggering rhizobacteria must be different from elicitors of pathogens, which are defined as compounds that induce defense reactions in the host plant (Ebel and Mithöfer, 1998) . There is comparatively little information on the bacterial determinants that trigger ISR . However, elicitation shows some similarities to the generation of certain non-specific defense reactions in plant cells that occur in response to general pathogenassociated molecular patterns (PAMPs): common components that are present in microorganisms and appear to be recognized by eukaryotic cells (Gómez-Gómez, 2004; Nürnberger et al., 2004) . Crude microbial cell wall preparations, i.e. dead cells, can act as general, non-specific elicitors and induce local or systemic resistance. Cell surface components, such as the outer membrane lipopolysaccharide (LPS) and flagella, can activate the innate immune response in animals and act as triggers of defense-associated reactions in suspension-cultured plant cells and leaves Erbs and Newman, 2003) . Indeed, both these factors of the rhizobacterial strain WCS358 can elicit ISR when applied as purified components to root systems of Arabidopsis plants Meziane et al., 2005) . Upon challenge inoculation of treated plants with the causal agent of bacterial speck disease, the pathogenic bacterium Pseudomonas syringae pv. tomato (Pst), the resulting chlorotic and necrotic symptoms on the plants were reduced to an extent comparable to that on plants grown in soil containing wild-type WCS358. Mutants of WCS358 that were defective in the O-antigenic side-chain (OA -) of the LPS or lacked flagella (fla -) could still induce systemic resistance, as expected because flagella, or intact LPS, respectively, were still present in these mutants.
Perception of the main constituent protein of bacterial flagella, flagellin, has been studied extensively in suspension-cultured cells of tomato and Arabidopsis (Felix et al., 1999; Gómez-Gómez and Boller, 2000) . In Arabidopsis flagellin is perceived through recognition of a conserved domain within the protein by a leucine-rich repeat -nucleotide binding sitecontaining receptor-like kinase with a structure similar to that of several major resistance (R) genes in plants. Signalling through a mitogen-activated protein (MAP) kinase cascade leads to WRKY transcription factor-mediated activation of defense-related genes and enhanced resistance against Pst and the fungus Botrytis cinerea (Asai et al., 2002; Zipfel et al., 2004) . The conserved nature of the flagellin domain being recognized by the receptor would be expected to endow ISR-eliciting activity in Arabidopsis on most, if not all, non-pathogenic rhizobacteria. However, this does not appear to be the case. In contrast to WCS358, Pseudomonas fluorescens strain WCS374 does not elicit ISR in Arabidopsis (Van Wees et al., 1997) . Preliminary evidence suggests that flagella of both WCS358 and WCS374 are being recognized by plant suspension cells (L.C. van Loon, unpublished observation). Thus, elicitation of ISR must differ between strains and also involve other factors. Indeed, induction by purified LPS is highly unlikely to occur through the same receptor kinase as recognizes flagellin.
A non-specific induction of ISR by rhizobacteria is also incompatible with an observed differential induction of systemic resistance in different plant species and, in some cases, even ecotypes (Van Wees et al., 1997; Ton et al., 1999) . Although some rhizobacterial strains appear to be equally effective in inducing systemic resistance in different plant species, others show narrow specificity, indicative of a plant species-specific recognition between bacteria and receptors on the root surface . As shown in Table 1 , of the three WCS strains mentioned earlier, WCS358 elicits ISR in Arabidopsis (Van Wees et al., 1997) , bean and tomato (Meziane et al., 2005) , but not in carnation (Duijff et al., 1993) or radish (Leeman et al., 1995a) , WCS374 in radish (Leeman et al., 1995a) but not in Arabidopsis (Van Wees et al., 1997) , and WCS417 in all five species Leeman et al., 1995a; Van Wees et al., 1997; Duijff et al., 1998; Bigirimana and Höfte, 2002) . Moreover, of ten Arabidopsis accessions tested, eight were responsive to WCS417; accessions RLD and Ws-0 were not (Ton et al., 1999) .
For a limited number of ISR-eliciting rhizobacterial strains the inducing determinant(s) have been identified through mutant analysis and application of isolated components (Table 2 ). WCS358 can elicit ISR in Arabidopsis not only through its flagella or LPS, but also through its pseudobactin siderophore Meziane et al., 2005) . In bean and tomato ISR elicitation by WCS358 depends on both LPS and pseudobactin (Meziane et al., 2005) . Siderophores are also acting as an inducing determinant in Pseudomonas aeruginosa 7NSK2 (Audenaert et al., 2002) , Pseudomonas fluorescens CHA0 (Maurhofer et al., 1994) , and WCS374 (Leeman et al., 1996) , and have likewise been implicated in the elicitation of ISR by Serratia marcescens 90-166 on tobacco against the wildfire disease, caused by Pseudomonas syringae pv. tabaci (Press et al., 1997) .
From Table 2 , it seems that 7NSK2 elicits ISR in tomato and in bean or tobacco through different determinants. However, this is not necessarily the case. In tomato, as in bean (De Meyer and Höfte, 1997) and tobacco (De Meyer et al., 1999a) , bacterially produced salicylic acid (SA) was at first considered to be the inducing factor. Further studies in tomato demonstrated that it is the combination of the siderophore pyochelin and the active oxygen species-generating antibiotic pyocyanin that is responsible (Audenaert et al., 2002) . Pyochelin contains a SA moiety and, thus, the bacteria need to produce SA for incorporation into pyochelin, making SA a contributing determinant. So far, it has not been clarified whether the involvement of SA in the elicitation of ISR in bean and tobacco is likewise linked to production of the pyochelin siderophore. _____________________________________________________________ -: no induction; +: induction; nd: not determined.
The production of siderophores occurs only under iron-limited conditions. Such conditions are likely to prevail in the rhizosphere, and competition for iron through the production of siderophores is one of the mechanisms of bacterial antagonism against soil-borne pathogens. Thus, siderophore production by specific ISR-eliciting rhizobacteria can play a dual role in disease suppression by depriving resident pathogens from iron locally and by inducing resistance in the plant systemically. Whereas all bacterial siderophores are functional in sequestering iron, not all siderophores elicit ISR. This can be explained by the fact that siderophores produced by different bacteria have very different chemical structures (Höfte, 1993) . How siderophores are perceived by plants is presently fully unknown.
Strains WCS374 and WCS417 appear to elicit ISR in radish through more than a single determinant, including an iron-regulated compound with properties resembling a siderophore different from pseudobactin (Leeman et al., 1996) . For WCS417, the compound is not known. For WCS374, it was established that this bacterium produces the additional siderophore pseudomonine under iron-limiting conditions (Mercado-Blanco et al., 2001 ), but it is not clear yet in how far pseudomonine is involved in the elicitation of ISR by this strain in radish.
Antibiotics have also been implicated in ISR. Whereas in tomato, the pyocyanin-producing strain 7NSK2 elicits ISR through this antibiotic in conjunction with the pyochelin siderophore, 2,4-diacetylphloroglucinol (DAPG) has recently been shown to elicit ISR in Arabidopsis, establishing this antibiotic as an inducing determinant of P. fluorescens strains CHA0 (Iavicoli et al., 2003) and Q2-87 (Weller et al., 2004) . DAPG has likewise been shown to act as the inducing agent in CHA0-mediated ISR in tomato against the root-knot nematode Meloidogyne javanica (Siddiqui and Shaukat, 2003) . These findings, that rhizobacterially produced DAPG can elicit ISR, suggest that more antibiotics may be capable of eliciting ISR in plants. As in the case of siderophores, antibiotics may thus be taken to play a role not only in microbial antagonism in the rhizosphere, but also in stimulating plant defensive capacity.
The LPS of the three WCS strains is recognized by all plants in which each of these strains was demonstrated to elicit ISR . Likewise, purified LPS from Burkholderia cepacia strain ASP B 2D has been shown to protect tobacco systemically against black shank disease, caused by Phytophthora nicotianae (Coventry and Dubery, 2001) , whereas LPS of Rhizobium etli strain G12 is a determinant in the induction of systemic resistance in potato roots towards the cyst nematode Globodera pallida (Reitz et al., 2002) . LPS of different bacterial strains differs in the repeating oligosaccharide moieties of the O-antigenic side-chain, providing a plausible explanation why these LPSs show differential specificity in different plant species. Apparently, the requirements for perception by the plant differ between species. That only a few rhizobacterial strains have been demonstrated to elicit ISR through their LPS may be due to the situation that its involvement for other ISR-eliciting strains has not been investigated. Alternatively, in other strains the structure of the LPS may differ substantially from those of the inducing strains.
Very recently, it was found that certain bacilli, i.e. Bacillus amyloliquefaciens IN 937a and Bacillus subtilis GB03, can trigger ISR in Arabidopsis through a volatile compound, 2,3-butanediol . Probably, related compounds are also active. These results show that there are many compounds present on, or released by, rhizobacteria that can elicit ISR in various plant species. Since bacteria abound on the root surface, one might expect all plants in nature to become induced readily at a young stage and remain so as long as the rhizobacteria remain active. However, this does not seem to be the case. Non-bacterized plants growing in raw soil commonly develop more severe symptoms than bacterized plants upon challenge inoculation with a pathogen. For radish, it was established that a minimum of 10 5 colony-forming units per gram of root is required for ISR to be induced by WCS374 (Raaijmakers et al., 1995) . This value appears to be typical and is seldom reached by any single strain amidst the diverse microbial population in the rhizosphere. Only through inundative applications densities can be increased to the level required for ISR to become established. 
Signalling in pathogen-induced systemic acquired resistance
Perception at the root surface is followed by signal transduction leading to the induced state. Whereas SAR is apparent as soon as disease symptoms are visible (Ross, 1961) , the time needed for ISR to become established has not been the subject of extensive investigations. However, it appears that it can be reached in as short as one day (Leeman et al., 1995a) , but usually it is taken to require several days. Differences may reside in a differing effectiveness of elicitation or speed with which the original perception is transduced, as well as in the nature and properties of the mobile signal that is needed to propagate the induced state systemically throughout the plant. Often, a period of one week between induction treatment and challenge inoculation is used, because over this period the extent of induced resistance tends to increase.
SAR is commonly taken to remain active for the lifetime of the plant, even though there is detailed evidence that the induced state becomes "diluted" in newly developing foliage (Bozarth and Ross, 1964) . ISR can likewise be maintained for weeks, but the level of induced resistance decreases with time (Liu et al., 1995) . These observations indicate that elicitor perception and signal transduction confer on the plant an enhanced defensive capacity that is maintained for a considerable length of time. With a single exception (Roberts, 1983) , induced resistance has never been shown to be transmissible through seed. Hence, the phenomenon is reminiscent of an epigenetic alteration that is more or less stably maintained. The "memory" effect is conceptually similar to vernalization of seeds or induction of flowering, which are likewise maintained after the initial inducing stimulus has disappeared.
In the case of SAR, mutant and transgenic plants have been instrumental in the identification of critical steps in the signal transduction pathway. The original hypothesis that a phenolic compound structurally resembling SA was required for the establishment of SAR (Van Loon and Antoniw, 1982) was borne out when SA was determined to be an endogenous compound in plants, increasing in amount upon elicitation in tobacco (Malamy et al., 1990) and being transported through the phloem in induced cucumber plants (Métraux et al., 1990) . Its role as a key regulator was demonstrated by the use of transformed tobacco and Arabidopsis plants carrying the bacterial NahG gene (Gaffney et al., 1993) . The NahG gene encodes the enzyme salicylate hydroxylase, which converts SA into the noninducing product, catechol. Plants expressing the NahG gene, when subjected to induction treatments, no longer express SAR, but can be "rescued" by treatment with SA-analogs, such as 2,6-dichloroisonicotinic acid or acibenzolar-S-methyl, that are not substrates for the SA-hydroxylase (Ryals et al., 1996; Sticher et al., 1997) .
The presence of SA in phloem vessels suggested that SA is not only required for the establishment of induced resistance, but also responsible for the systemic nature of the induced resistance by acting as the mobile signal. When SA is applied as a soil drench, it is absorbed by plant roots and transported to other plant parts, where it induces resistance (Van Loon and Antoniw, 1982) . However, this transport is likely to take place in the xylem and, thus, to differ from the behaviour of the endogenous SA produced in response to an eliciting pathogen or similar condition. Local application of SA to leaves induces resistance locally but not necessarily systemically (Van Loon and Antoniw, 1982) , even though some SA seems to be transported out of the induced leaf (Shulaev et al., 1995) . Indeed, the mobile signal was shown to pass through the petiole of an inducer-treated leaf before an increase in SA in the phloem could be detected (Rasmussen et al., 1991) . Moreover, grafting experiments demonstrated that an induction-treated NahG rootstock gives rise to full induced resistance in a wild-type scion, in spite of the fact that SA in the rootstock never accumulated (Vernooij et al., 1994) . These results cannot be explained by SA acting as the mobile signal for the systemic induction of SAR. This conclusion is strengthened by recent findings that as a result of a virus-induced hypersensitive reaction, transgenic ethylene-insensitive tobacco plants are fully capable of elevating SA levels and expressing induced resistance locally but, when used as rootstock, fail to transmit the mobile signal to a wild-type scion (Verberne et al., 2003) . Nowadays the favoured hypothesis is that upon induction, local SA levels are increased, associated with the generation of a mobile signal that is transported throughout the plant and, in turn, initiates further local SA production in distant leaves. This SA is necessary and sufficient to confer the systemically induced state (Durrant and Dong, 2004) .
The trigger for increased SA production in the plant is not known, nor has it been established how SA exerts its resistance-inducing action. However, SA action requires the presence of the protein NPR1, an ankyrinrepeat family protein structurally resembling the inhibitor IF-κB, which plays a role in animal innate immunity (Cao et al., 1997) . Under the influence of SA, a redox change causes oligomers of NPR1 in the cytoplasm to be reduced to monomers. The monomers are transported into the nucleus, where they interact with specific TGA transcription factors to allow the expression of genes encoding pathogenesis-related proteins (PRs) (Dong, 2004) . Several PRs have been shown to have more or lesser anti-pathogen activities (Van Loon, 1997) . These conclusions led to the hypothesis that the state of SAR relies on the presence of PRs. However, SA-induced PRs are not active against many pathogens that have been shown to be resisted through SAR, and additional mechanisms must be of major importance in restricting pathogen growth and disease development in SAR-induced plants. Nevertheless, the specific association of PRs with SAR makes PRs convenient molecular markers for this type of induced resistance .
2.3
Signalling in rhizobacteria-induced systemic resistance SAR has been taken as a paradigm for the systemic resistance induced by non-pathogenic rhizobacteria. However, signalling in ISR appears considerably more complex. Some rhizobacteria are capable of producing SA and do so in vitro on minimal media in the absence of iron . If these bacteria encounter similar conditions in the rhizosphere of plants, they would be expected to produce SA likewise and induce SAR, mimicking a soil drench with SA solution. However, the SA produced by the bacterium may be incorporated into a SA-containing siderophore, rather than being secreted into the rhizosphere. Under such conditions, induction of systemic resistance might occur depending on whether that siderophore could act as an inducing determinant or not, and on whether the bacterium triggers the SAR pathway or activates a different signalling route.
Several ISR-eliciting rhizobacterial strains have been described to be capable of producing SA, whereas others are not. To determine whether such strains trigger ISR through activation of the SA-dependent SAR pathway, two criteria can be used: the induced systemic resistance should be associated with the induction of PRs, and both ISR and the induction of PRs should be abolished in NahG plants. Induction of systemic resistance by various rhizobacterial strains in the available NahG-transformed tobacco, Arabidopsis and tomato demonstrated that ISR against tobacco mosaic virus (TMV) and Botrytis cinerea is abolished in tobacco and tomato plants, respectively, upon application of 7NSK2 (De Meyer et al., 1999a , Audenaert et al., 2002 and in Arabidopsis against P. syringae pv. maculicola after elicitation by B. pumilus SE34 , whereas it is maintained in all other combinations tested (Table 3) . Moreover, mutants of S. marcescens 90-166 that had lost the ability to produce SA still induced resistance in tobacco against Pseudomonas syringae pv. tomato and in cucumber against Colletotrichum orbiculare (Press et al., 1997) .
The requirement of SA production for resistance induction by 7NSK2 was corroborated by the loss of ISR elicitation by bacterial mutant derivatives that were no longer capable of producing SA (De Meyer and Höfte, 1997; De Meyer et al., 1999b; Audenaert et al., 2002) . However, upon colonization of tomato roots, SA is required for the production of the SA-containing siderophore pyochelin that elicits ISR in conjunction with the antibiotic pyocyanin. In tobacco, SA-dependent induction of systemic resistance by 7NSK2 was not accompanied by expression of the marker PRprotein, PR-1 (De Meyer et al., 1999a) . One explanation could be that tiny amounts of SA that are insufficient for inducing PRs, already suffice to elicit SA-dependent ISR. It is equally possible, however, that upon application of 7NSK2 to tobacco SA might be needed for the synthesis of pyochelin, and elicitation of ISR might involve pyochelin and occur by a SA-independent signalling route. The evidence that WCS358, which does not produce SA, elicits ISR in Arabidopsis (Van Wees et al., 1997) , and other rhizobacterial strains that can produce SA in vitro either do not elicit ISR [e.g. WCS374 on Arabidopsis (Van Wees et al., 1997) ], or elicit ISR in a SA-independent way [e.g. Serratia marcescens on tobacco (Press et al., 1997) or CHA0 on Arabidopsis (Iavicoli et al., 2003) ] indicates that rhizobacterial production of SA is not generally required for induction of systemic resistance. Systemically induced resistance in NahG plants rules out an involvement of plant-produced SA also. So far, NahG transformants are available in only a few plant species. In other species, an involvement of SA can only be assessed on the basis of systemic accumulation of SA-inducible PRs. Several ISR-eliciting strains were shown to activate the PR-1a promoter in a transgenic GUS reporter line of tobacco (Park and Kloepper, 2000) , including Serratia marcescens 90-166, that was subsequently shown to induce resistance in tobacco in a SA-independent way (Zhang et al., 2002) . However, when grown in vitro on nutrient agar medium under gnotobiotic conditions the bacteria do not remain confined to the roots but colonize the entire seedling as well as the surrounding agar, reaching extremely high densities, which may cause substantial stress to the small seedlings. Induction of the PR-1a promoter in greenhouse-grown plants was also observed, but variable, as was a rise in SA in bacterized seedlings (Zhang et al., 2002) . These findings contrast with those obtained in Arabidopsis after elicitation of ISR by WCS417, in which neither an increase in SA nor PRs were detectable (Pieterse et al., 1996 . Hence, there is very little conclusive evidence for a role of SA in rhizobacteriamediated ISR similar to its involvement in SAR.
This conclusion seems to be contradicted by a number of observations where SA-inducible PR-proteins were observed in soil-grown plants upon treatment with ISR-eliciting rhizobacteria. However, when applied at high doses to roots of sensitive plant species, specific rhizobacterial strains can be toxic to plant roots, even though no obvious symptoms are apparent on the leaves. Accumulation of proteins with molecular weights corresponding to PR-proteins was observed in tobacco plants after spraying two leaves with purified LPS of Burkholderia cepacia, associated with development of ISR against Phytophthora nicotianae (Coventry and Dubery, 2001) . At the concentrations of LPS used, cell permeability was slightly increased and viability decreased, whereas the proteins induced were not characterized. The characteristic, SA-inducible PRs were expressed in tobacco plants upon triggering of ISR against tobacco necrosis virus (TNV) by CHA0 (Maurhofer et al., 1994) . Transformation of a non-SA-producing strain, P3, with a gene cassette for SA biosynthesis, made the transgenic derivative an inducer of ISR against TNV, confirming that SA induces SAR against viruses (Maurhofer et al., 1998) . Unfortunately, neither CHA0, nor the SA-producing derivative of P3 seems to have been tested on NahG tobacco. However, on NahG Arabidopsis plants CHA0 was still able to elicit ISR against the downy mildew oomycete Peronospora parasitica (Iavicoli et al., 2003) , suggesting that CHA0 at least has the ability to elicit ISR independently of SA, similar to WCS358 and WCS417 (Pieterse et al., 1996) . Downstream of SA in the SAR signalling pathway, the protein NPR1 plays an essential role. Although SA is not necessarily involved in ISR, NPR1 has been demonstrated to be necessary also for ISR in Arabidopsis . Mutant npr1 plants did not express ISR after treatment with WCS417. Thus, NPR1 seems to play a central role in reaching the induced state, whether triggered by avirulent pathogens or by non-pathogenic rhizobacteria. However, downstream of NPR1, the signalling pathways must diverge again, because SAR is associated with the accumulation of PRs, whereas in ISR-induced plants such accumulation does not commonly occur (Fig. 1) . How NPR1 acts in rhizobacteria-mediated ISR is presently unknown. A possible requirement for other regulatory factors implicated in plant defense was tested in bioassays with Arabidopsis mutants. In the jar1 mutant, which has reduced sensitivity to jasmonic acid (JA), WCS417 was no longer able to elicit ISR against Pst, implicating JA in the signalling pathway of ISR . Jar1 encodes a presumed JA-amino acid synthetase that is required to activate JA for signalling (Staswick and Tiryaki, 2004) , but the nature and role of the conjugate in the JA signaltransduction pathway is not clear. Spraying Arabidopsis plants with the methyl ester of JA (MeJA) induced a systemic resistance identical to that elicited by the rhizobacteria . However, treatment with these rhizobacteria did not increase endogenous JA levels in Arabidopsis roots or leaves . Therefore, ISR signalling appears to require responsiveness to JA rather than increased levels of this regulator. It is possible that the sensitivity to JA is increased as a result of elicitation of ISR, and gene expression studies accordingly indicate an enhanced capacity for expression of JA-regulated genes in induced leaves (see below). 
Enhanced defensive capacity
Sensitivity to ethylene proved to be likewise required for ISR, as ethylene-insensitive Arabidopsis mutants etr1 and ein2 were unable to express ISR upon elicitation by WCS417 Knoester et al., 1999) . ETR1 encodes an ethylene receptor and the dominant etr1 mutation causes reduced sensitivity to the hormone (Guo and Ecker, 2004) . EIN2 is a membrane protein showing similarity to the Nramp family of metal-ion transporters (Alonso et al., 1999) . It plays a central role in the ethylene response, but its biochemical function is unknown. Because many components of the ethylene signalling pathway have been identified, additional ethylene-insensitive mutants (ein3 -ein7 and axr1-12) were tested, as well as the ethylene-overproducing mutant eto1-1. All ethyleneinsensitive mutants were impaired in ISR (Knoester et al., 1999) , indicating that the expression of ISR requires the complete signal-transduction pathway of this hormone known so far. Surprisingly, also in the eto1-1 mutant, ISR was abolished. Upon infection with Pst, non-induced eto1-1 plants developed symptoms to the same extent as non-induced wild-type plants. This observation is difficult to reconcile with the result that exogenous application of 1-aminocyclopropane-1-carboxylic acid (ACC), the immediate precursor of ethylene that is rapidly converted once taken up by plants, did elicit a systemic resistance to Pst comparable to ISR . Treatment of wild-type Arabidopsis plants with WCS417 did not lead to an increase in ethylene production , but did increase the capacity for ACC conversion in the leaves (Hase et al., 2003) . Hence, it appears that, as for JA, it is the sensitivity to the hormone that is required, while the capacity for its synthesis is increased.
The Arabidopsis mutant eir1 is insensitive to ethylene in the roots, but not in the shoots (Roman et al., 1995) . In accordance with the requirement for ethylene sensitivity, in bioassays the eir1 mutant did not express ISR upon treatment with WCS417 to the roots, while it did exhibit ISR when the inducing bacteria were infiltrated into the leaves (Knoester et al., 1999) . This result demonstrated that for the induction of ISR in Arabidopsis by WCS417, ethylene responsiveness is required at the site of application of the inducing rhizobacteria. The eir1 mutant is allelic to pin2, and lacks a functional auxin efflux carrier protein in roots (Luschnig et al., 1998) . A role of auxin in ISR has not been tested and it is presently unclear whether auxin could also be involved. However, ethylene insensitivity of the eir1 mutant can fully explain its lack of ISR inducibility.
In wild-type Arabidopsis plants, ISR can be induced chemically by exogenous application of either MeJA or ACC. In the jar1 mutant, ACC was still capable of inducing ISR, indicating that responsiveness to ethylene is required after the JA-dependent signalling step. Conversely, MeJA did not induce ISR in the etr1 mutant . Thus, responsiveness to JA and ethylene are required in this order. Neither MeJA, nor ACC could elicit ISR in the npr1 mutant, placing the requirements for both JA and ethylene upstream of NPR1 in the signalling pathway. These results defined a novel signalling pathway for the type of induced systemic resistance elicited by rhizobacteria (Fig. 1) .
ISR against Peronospora parasitica in Arabidopsis in response to root inoculation with CHA0 has likewise been shown to require JAR1, EIR1 and NPR1, and not SA. However, mutants etr1-1 and ein2-1 still expressed ISR against Peronospora parasitica (Iavicoli et al., 2003) , suggesting that the requirements for ISR against this pathogen overlap only partly with those defined for ISR against Pst, as induced by WCS417. On the other hand, ISR activated by two Bacillus species through the volatile 2,3-butanediol (cf. Table 1 ) was found to be independent of SA and dependent on ethylene, yet did apparently not require JA . ISR elicited in Arabidopsis against Pst or Pseudomonas syringae pv. maculicola by four other PGPR strains was reported to be variably dependent on ethylene and JA . These results confirm that, in general, ISR is not dependent on SA, but indicate that instead ISR has a variable requirement for JA and ethylene signalling. The latter does not need to be problematic, because hormone sensitivity is still poorly understood and may vary depending on experimental conditions. In a given situation, either sensitivity to JA or to ethylene, or both, might be limiting.
Expression of ISR
Expression of ISR upon challenge inoculation with a pathogen is similar to expression of SAR in that disease severity is reduced or the number of diseased plants diminished. This reduction is typically associated with decreased growth of the pathogen and reduced colonization of induced tissues, testifying to the fact that the plant is better able to resist the pathogen (Van Loon, 2000) . Neither ISR, nor SAR protects plants completely, in contrast to R gene-mediated resistance. However, a decrease in, or slowing down of disease development may save a crop or at least increase yield.
The spectrum of diseases against which ISR and SAR are effective, overlaps only partly (Ton et al., 2002) , as could be expected because of the differences in defense signalling described above. It has been demonstrated, mainly in Arabidopsis, that pathogens are resisted by either SA-dependent, or by JA-and/or ethylene-dependent defenses, or both (Thomma et al., 2001; Ton et al., 2002) . This conclusion was reached because pathogens that are resisted by SA-dependent defenses, cause more severe disease on transgenic NahG than on wild-type plants. Conversely, pathogens that are resisted by JA-and ethylene-dependent defenses cause enhanced disease susceptibility in plant mutants that are defective in JA or ethylene synthesis or signalling. Pst causes increased disease severity in both NahG and jar1 or ein2 plants, indicating that this pathogen is resisted by SA-dependent, as well as JA-and ethylene-dependent defenses (Ton et al., 2002) . Accordingly, both SAR and ISR are effective against Pst. Moreover, combination of SAR and ISR by induction of SAR through inoculation with an avirulent derivative of Pst on the leaves of plants growing in soil containing ISR-inducing WCS417 bacteria, led to additive protection (Van Wees et al., 2000) . This observation demonstrates that SAR and ISR are distinct and complementary mechanisms by which the defensive capacity of plants is enhanced through biotic stimulation. Thus, expression of ISR, while phenotypically similar to SAR, relies not only on a different type of biological inducer, but occurs also through different defense-related activities. Phytoalexins can also contribute to plant resistance. However, Arabidopsis mutants that are impaired in the synthesis of the phytoalexin camalexin (pad1 -pad4) express normal ISR against Pst (C.M.J. Pieterse, unpublished results), indicating that ISR does not operate through stimulation of phytoalexin production against this pathogen.
In Arabidopsis, SAR is most effective against biotrophic pathogensdowny and powdery mildews, as well as viruses -, that are sensitive to SAdependent defenses. Indeed, PRs, such as PR-1 and PR-5, have been shown to possess antifungal activity against oomycetes (Van Loon 1997), while SA action in resistance to viruses is likely to rely on a different mechanism (Singh et al., 2004) . In contrast, ISR is more active against necrotrophic pathogens (Ton et al., 2002) through mechanisms that are yet to be elucidated. It was observed earlier that SAR was not effective against typical necrotrophic fungi, such as Botrytis cinerea and Alternaria brassicicola (Thomma et al., 2000) or bacteria, such as Erwinia carotovora (Vidal et al., 1998) . Against these pathogens, ISR is effective, be it that the strategy of Botrytis to kill its host in advance of tissue colonization hampers the reaction of the plant.
In tobacco, the effectiveness of SAR and ISR against different types of pathogens is largely similar to their differential activities in Arabidopsis. However, in tomato the powdery mildew fungus Oidium neolycopersici was reported to not be resisted by SA-dependent defenses, while SA was involved in defense against Botrytis (Achuo et al., 2004) . Thus, the conclusion must be that SA-and JA-or ethylene-dependent defense mechanisms can be effective against different pathogens in different plant species. Therefore, findings from a single pathosystem cannot be generalized, and rigorous experimentation is required to define the potential of SAR or ISR to contribute to enhanced resistance in a particular plant species.
A search for newly induced proteins upon induction of ISR that can be used reliably as markers for the induced state, similar to the PRs associated with SAR, proved negative (Van Wees et al., 1999) . As must be concluded from several investigations, the state of ISR is not consistently associated with significant changes in the proteome of the induced plant. Other defense-related activities have been sought that could serve to indicate that ISR was induced and would preferably have a defined role in plant resistance. There are several publications reporting increases in the activities of e.g. chitinase, glucanase, phenylalanine ammonia-lyase (PAL) or peroxidase, as well as in the content of phenolic compounds, in plants treated with ISR-eliciting PGPR. Although specific PR-2 and PR-3, -4, -8 and -11 proteins have glucanase and chitinase activities (Van Loon and Van Strien, 1999) , respectively, many glucanases and chitinases in plants are developmentally regulated and induced by various abiotic and biotic stresses through signalling pathways that may, or may not, overlap with those regulating SAR and ISR. While PAL, the key enzyme in phenolic biosynthesis, and oxidative enzymes, such as peroxidase and polyphenoloxidase, can play a role in increased tissue lignification (Barcelo, 1997) , as well as the generation of toxic quinones, a causal relationship between these increases and enhanced resistance against specific pathogens has not been well established. Moreover, effective WCS417-triggered ISR in radish was not associated with such changes (E. Hoffland and H. Steijl, unpublished observations), making these parameters unsuitable as markers for the state of ISR. Also, the activities of PAL and peroxidase, and phenolic content, are strongly developmentally regulated and respond sensitively to changes in the physical and chemical environment, as well as to different stresses. That these parameters often change in response to treatment with rhizobacteria indicates that the plants react to the presence of the bacteria, but in how far this reaction is coupled to establishment of ISR is fully unclear. Directly, through stimulation of plant growth, or indirectly, through suppression of deleterious microorganisms, bacterial treatments also promote growth and this, in turn, could lead to increases in e.g. chitinase, glucanase, PAL, peroxidase and phenolics in association with the improved development of the plants. It would be most interesting to determine the effects of ISR-eliciting rhizobacteria on transgenic plants with impaired enzyme activities, but so far such experiments have not been reported.
Recently, transcriptome analyses by cDNA microarrays, RNA differential display, or subtractive hybridization of cDNA libraries have confirmed the notion that rhizobacteria influence plant gene expression to only limited extents. Analysis of the expression of over 8000 genes of Arabidopsis plants with ISR elicited by WCS417 revealed changes in the expression of 102 genes in the roots on which the bacteria were present. In contrast, systemically in the leaves, none of the genes examined showed a consistent change, in spite of the fact that, when challenge inoculated, these leaves showed a significant ISR response (Verhagen et al., 2004) . Clearly, the roots reacted locally to colonization by the bacteria. Within the first week transient changes were observed in the expression of hundreds of genes, but these were not associated with the persistent state of ISR. Of the 102 genes whose expression was changed over a longer period, 39 were upregulated and 63 were down-regulated. Unless a pre-existing factor was released as a result of colonization of the roots by the ISR-eliciting bacteria, the mobile signal that is required for systemic induction is likely to be generated through the action of those genes whose expression was altered. For instance, one or more of the up-regulated genes might encode enzymes required for the synthesis of such a mobile signal. However, it is equally possible that down-regulation of a specific gene might lift the inhibition on a pre-existing or newly induced mechanism. In view of the ethylene dependency of ISR, an increase in a putative ACC oxidase and downregulation of ethylene response factor 1 (ERF1) and ethylene-responsive element binding factors 1 (EREBP1) and 2 (EREBP2) are particularly interesting.
These results appear to contrast with an analysis of Arabidopsis plants treated with the rhizobacterium Pseudomonas thivervalensis, which likewise induced systemic resistance against Pst (Cartieaux et al., 2003) . Those experiments were conducted in Arabidopsis accession Ws-0, which is known to be incapable of expressing ISR (Ton et al., 1999) . Hence, the resistance induced by P. thivervalensis must be ascribed to a different type of ISR. This type was not specified, but it was reported that the bacterium reduced plant growth by 41% and, at least initially, decreased net photosynthesis. These observations suggest that P. thivervalensis behaved as a pathogen on Arabidopsis and may have induced the SAR pathway, which is also effective against Pst. Under these conditions, cDNA microarray analysis of approximately 14300 Arabidopsis genes revealed that the transcript levels in colonized roots were hardly changed relative to axenic control plants, and none were elevated. In contrast, in shoots the levels of 63 transcripts were modified, including 42 genes that were upregulated. Except for a putative chitinase, no indication of increased PR gene expression was evident, however. Induction of resistance against Erwinia carotovora in Arabidopsis by Paenibacillus polymyxa was associated with increased tolerance to drought and changes in the abundance of mRNAs encoding drought stress-and biotic stress-responsive proteins, consistent with a mild pathogenic effect of P. polymyxa on Arabidopsis (Timmusk and Wagner, 1999) . These alterations do not seem typical of ISR.
It was observed earlier that upon challenge inoculation of Arabidopsis plants with Pst, SAR-induced plants showed an augmented expression of SA-dependent PR-1 mRNA, whereas plants with ISR accumulated mRNA of the JA-inducible gene Vsp to higher levels than noninduced plants (Van Wees et al., 1999) . This "priming" effect indicated that induced plants activate defense-related gene expression earlier and to a greater extent than non-induced plants (Conrath et al., 2002) . Indeed, cDNA microarray analysis of WCS417-induced plants revealed 81 genes showing an augmented expression pattern in ISR-expressing leaves after challenge inoculation with Pst (Verhagen et al., 2004) . Of these, 51 genes were expressed at at least 1.5 times higher levels, including Vsp, the JA-and ethylene-responsive gene Pdf1.2, a thaumatin-like gene, a chitinase gene, and a gene encoding EREBP2. The other 30 genes showed a Pst-induced change in WCS417-treated plants only, and appear to be ISR-specific. These included genes that are presumably involved in regulating gene transcription and signal transduction. The majority of the genes were predicted to be regulated by JA or ethylene. Thus, the requirement for JA and ethylene sensitivity in ISR seems to be related to the priming action of defense-related gene expression after challenge inoculation of induced plants.
ISR triggered by Pseudomonas chlororaphis O6 upon root colonization of cucumber against target leaf spot, caused by Corynespora cassiicola, was likewise associated with a faster and stronger accumulation of transcripts of six distinct genes upon challenge inoculation, as revealed through subtractive hybridization (Kim et al., 2004) . Expression of these genes was not induced by O6 colonization alone, and became apparent only after challenge with the pathogen. These results corroborate earlier findings of augmented defense responses upon challenge inoculation of induced plants, such as an increased production of dianthramide phytoalexins after infection by Fusarium oxysporum f.sp. dianthi of carnation plants induced by WCS417 and increased cell wall strengthening upon pathogen attack of cucumber and tomato plants pretreated with ISReliciting rhizobacteria (Benhamou and Nicole, 1999) .
SYSTEMICALLY INDUCED RESISTANCE AND PLANT GROWTH
Systemically induced resistance, whether SA-dependent SAR or JAand ethylene-dependent ISR, both seem to be expressed through an enhanced activation of defense responses upon challenge inoculation. However, whereas SAR is associated with the accumulation of PRs and negatively affects plant growth (Heil, 2002) , most of the ISR-triggering rhizobacteria have been selected primarily because of their plant growthpromoting properties. It is quite unclear in how far plant protection through ISR and growth promotion are connected. Besides inducing ISR, PGPR can exert a protective action against those soil-borne pathogens that are particularly prone to attack emerging seedlings. Stimulation of plant growth will lead to increased plant vigour and a shorter period of vulnerability before adult plant resistance may have become sufficient to limit damage by the pathogen. ISR-eliciting rhizobacteria can be applied on seeds and then will readily colonize emerging plant roots. Thus, seedlings can be better protected already at an early stage (Kloepper et al., 1989; Leeman et al., 1995c) .
These properties make ISR-inducing PGPR a useful tool to reduce diseases caused by pathogens that are sensitive to JA-and ethylenedependent defenses. Moreover, combination of ISR and SAR can increase protection against pathogens that are resisted through both mechanisms, as well as extend protection to a broader spectrum of pathogens than ISR or SAR alone. This provides an attractive strategy when other means of crop protection are limited or absent. However, both ISR and SAR only reduce disease and are usually less effective than physical methods, such as steaming of the soil, or chemical treatments. Notably, the costs of chemical crop protectants are often lower than those of a biological product that requires fermentation on a nutrient medium, extensive formulation, has only limited shelf life, and is less effective under field conditions. Thus, for economic reasons biological crop protectants can only seldom compete with highly effective chemicals. However, ISR is only one of the mechanisms that may be mobilized to counteract plant pathogens in an environmentally friendly and durable way. Integrating ISR-triggering PGPR into disease management programs in conjunction with other strategies will be a worthwhile approach to explore.
